When the submarine is sailing at full speed, the power cabin has an abnormally high temperature. However, in the previous research on the vibration reduction design of the foundation, the influence of high temperature on the vibration characteristics of the foundation is not taken into account. In this paper, a new composite foundation with entangled metallic wire material (EMWM) is presented to reduce the vibration of the foundation. e energy transfer path of the foundation was obtained by the power flow method, and then the layout of EMWM was determined. e optimization of the constraining layer was carried out by modal analysis. e damping performance of the composite foundation with EMWM was validated by the thermal-vibration joint test. e results show that, at room temperature, the composite foundation has remarkable vibration reduction efficiency in the middle and high-frequency bands. e maximum insertion loss can reach 15.37 dB. e insertion loss varies with the location of the excitation point. As the temperature rises to 300°C, the insertion loss in the low-frequency band was improved, and the insertion loss is not influenced by the excitation position.
Introduction
In modern warfare, the acoustic stealth performance of submarines directly affects their survival and attack. e prime sources of underwater noise for submarines are fluid noise, machinery noise, and structural borne noise [1] . e machinery noise mainly comes from various mechanical devices, weapons, and electrical equipment installed on submarines. e mechanical vibration and noise generated by these devices are transmitted to the hull structure through the support system (such as the foundation). And then, those vibration and sound are radiated to the water. e foundation is a key link of the vibration transmission path. e vibration characteristic of the foundation is related to the acoustic stealth performance of submarines. e foundation is usually designed as an elastic support structure with damping function. However, some equipment and structures connected to the power machine often have more stringent alignment requirements, such as the installation of tail shaft and gear box. In this case, the foundation is designed to be rigid. us, flexible vibration isolation technology cannot be used to reduce the vibration of rigid foundation. To solve this problem, there are three methods to reduce the vibration of rigid foundation: adding blocking masses, using composite foundation, and laying viscoelastic damping material [2] . Researchers have done an enormous amount of research on these three methods.
e foundation is composed of several plates, and the blocking masses are often added to the plates for reflecting or suppressing vibration wave at specific wavelengths. Shi et al. [3] studied the influence of the blocking masses on the T-structure, which is commonly used in the foundation. e results show that the blocking masses can improve the structural vibration damping performance by over 5 dB. Che and Chen [4, 5] discussed the vibration energy transfer of two plates connected at any angle and analyzed the influence of the vibration resistance on the corners of two plates. Xia and Chen [6] studied the application of the blocking masses composed of viscoelastic sandwich composite on the cylindrical shell-side pallet. Yao et al. [7] conducted a full-band numerical analysis of the power cabin with a foundation made of blocking masses by the use of the acoustic-solid coupling method and statistical energy method.
Composite foundation made of new materials, such as carbon fiber-reinforced composite materials, has better damping performance. Zhang et al. [8, 9] adopted a honeycomb structure to design a composite foundation that combines low-frequency vibration isolation and anti-shock. ey also studied the influence of the number of honeycomb layers and cell wall thickness on the characteristic of the composite foundation. Wu et al. [10, 11] designed a marine foundation made of star-shaped porous materials and applied it to real ships. e results show that the vibration isolation performance of the new foundation is better than that of the traditional foundation. By the use of topology optimization method, Qing et al. [12, 13] obtained the optimal negative Poisson's ratio structure of functional units and designed a negative Poisson's ratio foundation with better low-frequency vibration damping performance and bearing capacity. Damping material is used for vibration damping without changing the original structure of the ship. e viscoelastic damping material can convert and dissipate vibrational energy when subjected to dynamic stresses and strains. In addition, the damping material has an effect in a wide frequency band. Liu et al. [14] designed a damping equipment foundation. It combines the damping material with the blocking masses. Garrison et al. [15] studied the effect of the coverage area, thickness, and position of the damping layer on the vibration characteristics of the plate. e results show that the strip-shaped constrained damping is arranged off-center along the length direction, which produces an optimal effect in a wide frequency band. e core material and the panel with strong energy absorbing performance can form a sandwich structure, which has broad application prospects in ship vibration reduction. Compared with free damping, the constrained damping produces a larger shear strain under harmonic excitation, resulting in more energy dissipation. e current research mostly focuses on the dynamic performance of the sandwich panel. Merideno et al. [16] studied the parameters of the sandwich confinement damper and analyzed the properties of viscoelastic materials. e properties of the viscoelastic material, the geometrical parameter design of the metal plate and the viscoelastic layer, and the influence of different sequences on the damper design were analyzed. D'Alessandro et al. [17] summarized the research on the acoustic performance of sandwich panels. Wang and Ma [18] combined wave analysis with finite element method to explore the acoustic transmission characteristics in lattice sandwich panels. Lou et al. [19] studied the free vibration problems of lattice sandwich beams under several typical boundary conditions. Yang et al. [20] analyzed the vibration and damping properties of hybrid carbon fiber composite pyramid truss sandwich panels. Assaf and Guerich [21] proposed that the strain and kinetic energies of the sandwich plates are written in terms of the mean and relative in-plane displacements of the faces and the transverse deflection of the plate. e vibration reduction design of foundation under high temperature is still a difficult technical problem. Traditional polymer materials such as rubber will accelerate aging with the rise of temperature. When the temperature is too high, the damping material may even crack and carbonize, which will greatly reduce its service life. A variety of new damping materials have emerged, and the most representative of which is entangled metallic wire material (EMWM) [22] [23] [24] [25] [26] [27] . EMWM is a new type of damping materials formed by spiraling, stretching, winding, and stamping of metal wires. Due to the metal characteristics of the EMWM, it has high temperature resistance. is makes EMWM a new way to solve the vibration damping problem in harsh environments such as high temperature [28] . Hou et al. [29] studied the damping properties of disc-shaped EMWM in high-and low-temperature environments. e results show that the damper has a good and stable damping performance in the temperature range of − 70°C to 300°C.
To reduce the vibration of the foundation under high temperature, a composite foundation with entangled metallic wire material is proposed. A power flow calculation is performed to determine the position for laying EMWM. A modal analysis of the foundation is conducted for optimizing the constraining layer. Finally, a thermal-vibration joint test for foundation is conducted to validate the proposed method.
EMWM Insertion Damping Structure
2.1. Entangled Metallic Wire Material. Entangle metallic wire material is a metallic damping material. In this paper, the EMWM layer is made of 304 (06Cr19Ni10) stainless steel wires. e preparation of the EMWM is referring to [28] . To prepare the plate-like EMWM with holes, the rough porous base material was penetrated by hole making shaft, and then the molding process is carried out. Taking the preparation of medium-sized EMWM as an example, the preparation schematic and the rough porous base material of EMWM are shown in Figure 1 . EMWM of different sizes can be prepared by adding or subtracting filling blocks. e EMWM specimens are shown in Figure 2 , and the forming parameters are shown in Table 1 . Figure 3 , to reduce the vibration of the baseplate (foundation), an EMWM insertion damping structure is presented. Under high temperature, the constraining layer and EMWM cannot be fixed to the baseplate by conventional adhesive. In this paper, the constraining layer and the EWMW layer are fixed to the foundation by screw connection.
Insertion Damping Structure. As shown in
When the baseplate is excited, the baseplate will produces a displacement response, and the constraining layer will also produces a displacement response. e deviation in the displacement between baseplate and constraining layer will cause the EMWM layer to produce tension-compression deformation. When the entangled metallic wire material is deformed in micron scale, the internal metal wire will slip and lead to energy dissipation [30] . erefore, the energy dissipation mechanism of the insertion damping structure is extrusion friction energy dissipation. 
EMWM Composite Foundation

Initial Structure of the Steel Foundation.
A simplified foundation is used as the research subject, and its dimensions are shown in Figure 4 and Table 2 . e foundation is composed of a face plate, connection plates, web plates, and brackets. A fixed plate is used to represent the hull. To improve the stiffness of the fixed plate, the bottom of the fixed plate is welded with three horizontal and two longitudinal ribs. e foundation is fixed to the fixed plate by welding. e fixed plate is supported by four supports. e foundation and the fixed plate are made of 45 steel (C45E4). e material properties of 45 steel are as follows: density is 7890 kg/m 3 , Poisson's ratio is 0.3, and loss factor is 0.002. Young's modulus and thermal expansion coefficient of 45 steel are affected by the ambient temperature, as shown in Table 3 .
Position Analysis for Laying EMWM.
e lightweight of ships or submarines is an important technical specification, which should be considered in the design of composite foundation. Power flow can reflect the relationship between the magnitude and phase of force and velocity vector. It means that it can describe the vibration more comprehensively. erefore, the power flow is selected as an evaluation index to reflect structural vibration [31, 32] . e foundation is mainly composed of several flat-plate structures. When a flat-plate structure is excited by a singlefrequency steady-state force, in consideration of the thickness of the plate, the power flow per unit width pf can be expressed as follows:
where N x , N y , and N xy � N yx are complex membrane forces per unit width; Q x and Q y are the complex shear forces per unit width; M x , M y , and M xy � M yx are the complex internal moments per unit width; u * 0 , v * 0 , and ω * 0 are the complex conjugate of translational displacements; θ *
x , θ * y , and θ * z are the complex conjugates of rotational displacement; ω is the excitation frequency; and Im denotes an imaginary part. e positive orientations of internal forces and displacements used to formulate structural intensity in equations (1) and (2) are shown in Figure 5 .
In this paper, the laying position of EMWM is determined by the power flow distribution of the foundation. e first-order natural frequency of the foundation is larger than that of the fixed plate. To avoid the influence of the fixed plate, the vibration of the foundation is analyzed separately. e boundary condition of the foundation is set as clamped. e excitation points are located at the center and the corner of the face plate, respectively. e finite element model, excitation points, and boundary conditions are shown in Figure 6 . e modal response and power flow of the foundation are solved by direct method with the commercial software "ABAQUS." e sweep frequency is set to 10 Hz-500 Hz. e sweep rate is 1 oct/min. A unit excitation is applied at points A and B, respectively. e thermal expansion force will replace the excitation force at high temperature, and thus the power flow of the foundation is solved only at room temperature (20°C). Taking the second-order natural frequency as an example, the results of the calculation are shown in cloud and vector diagram, as shown in Figure 7 .
As shown in Figure 7 (a), it can be seen that the distribution of power flow is mainly concentrated in the middle of the face plate, the edge of the brackets, and the upper portion of the web plates. And there is also a partial power flow vector distribution on the connection plates. It can be seen from Figure 7 (b) that the power flow is concentrated on one side of the face plate, the edge of the brackets, the top of the web plates, and the connecting plates. e larger the power flow means the higher the vibration energy, and thus the EMWM should be laid on the corresponding place. e upper part of the face plate needs to be placed with equipment, and thus the face plate is single-sided covered with EMWM. e other parts are covered with EMWM on both sides. erefore, entangled metallic wire material (EMWM) should be laid on following places: ① the lower surface of the upper face plate, ② the connection plate, ③ the upper part of web plate, ④ the upper bracket, and ⑤ bevelled portion of the lower bracket. As shown in Figure 8 , to improve the damping performance of EWMW, the EWMW is used as the insertion damping layer. As shown in Figure 9 , the EMWM is made of spacestructured wire. It is difficult to establish accurate finite element model of the EMWM. erefore, no EMWMs are added in the simulation, and only the space between foundation and constraining layer under different modes is taken into account. e foundation and constraining layer are positioned by limit blocks. e structural diagram is shown in the cross-sectional view of Figure 8 .
Optimization of Constraining Layer.
e energy dissipation of the EMWM insertion damping structure is determined by the deformation of the EMWM layer. e EMWM was constrained by the foundation and constraining layers. e displacement deviation between the foundations and constraining layers will cause the EMWM layer to produce tension-compression deformation. e greater the displacement deviation, the more energy is dissipated by the EMWM. erefore, to maximize the energy dissipation, the arrangement of bolts and the thickness of the constraining layer should be optimized to maximize the displacement deviation. Considering the location and the thickness of the EMWM layer, the thickness of the constraining layer is limited to 2∼7 mm, and two bolt fixing methods are compared, as shown in Table 4 . Since the foundation is a symmetrical structure, only the nonrepetitive part of the foundation is analyzed. To reduce the difficulty of analysis, when analyzing the influence of the insertion damping structure at one place, the insertion damping structures in other parts are removed and the corresponding excess holes are filled. e finite element mesh of the foundation at each position is presented in Figure 10 . e modal analysis of the foundation is conducted by the use of ABAQUS. e optimization method is as follows: It can be seen from Figure 11 that, with the increase of the thickness of the constraining layer, D fr decreases in the first and second modes. In the third mode, with the increase of the thickness of the constraining layer, D fr at Position I decreases rapidly and then increases gradually. is trend of the quadrangular fixed method (BA1) is more obvious than that of the diagonal fixed method (BA2). Compared with BA2, BA1 increases the local stiffness, which reduces D fr . However, when there is a large local change in the torsional mode, the change of D fr is more obvious with the changes of the thickness of the constraining layer.
In Figure 12 , the change trends of D bf and D br of bracket position in the first two modes are different from the rest. e curves of D bf and D br show an upward trend. e average values of D bf and D br at Position I are smaller than the rest of the same order. e normal direction of the constraining layer is not in the same direction as the first two modes, which leads a small deformation of the constraining layer. Position I is located in the middle of the face plate and the connection plate. erefore, the local stiffness is large, which weakens the degree of deformation. e bracket Positions I and II are different in the third-order mode. D bf and D br at Position I increase with the increase of the Shock and Vibration thickness of the constraining layer. However, at Position II, D bf and D br show a significant downward trend. e reason is that the third-order mode torsion has a greater influence on Position I. e influence of the change of the foundation on the torsion is greater than that of the change of the constraining layer. Moreover, the thickness of the bracket is small. us, the deformation can offset the weakening effect caused by the increase of the local stiffness. erefore, D bf and D br increase with the thickness of the constraining layer. e deformation at Position II is small, and it is difficult to offset the increase in local stiffness caused by the increase in the thickness of the constraining layer. e first two modes of the foundation are forwardbackward bending mode and up-down translational mode, respectively. erefore, for the area of the foundation other than the bracket, when the thickness of the constraining layer increases, the bending mode should make the constraining layer form a larger displacement deviation between constraining layer and foundation due to the difference between the inside and outside. But, as the thickness of the constraining layer increases, the stiffness of the part, where the constraining layer is located, will increase at the same time. us, as shown in Figures 11, 13 , and 14, the degree of bending deformation is weakened, and the actual displacement deviation between constraining layer and foundation decreases with the increase of the thickness of the constraining layer.
As can be seen from Figures 11-14 , the displacement deviation between constraining layer and foundation of BA2 is larger than that of BA1. e curves of D fr at Position I in the first three modes show a downward trend. us, the thinnest constraining layer is selected. e curves of D fr at Position II in the first two modes also show a downward trend. e trend of the curves in the third-order mode is different from that in the other modes. However, the corresponding value of the curve in the third-order mode is smaller than that in the other modes. us, the thinnest constraining layer is selected. e curves of D bf and D br at Position I show an upward trend in the first three modes. erefore, the thickest constraining layer is selected. However, in the first and third modes, the curves of D bf and D br at Position II show an upward trend, and the corresponding value of it is small. Its degree of upward trend is slightly smaller than the downward trend of it in the third mode. At the same time, increasing the thickness of the constraining layer is beneficial to D bf and D br in the first three modes. Considering the lightweight of the constraining layer, the thinnest constraining layer is selected.
In the first and third modes, the curves of the displacement deviation between constraining layer and foundation at two positions of the web plate show a downward trend. However, they show an upward trend in the second mode, the corresponding value of the curve is smaller than that in the other modes. us, the thinnest constraining layer of the web plate is selected. e curves of the displacement deviation between constraining layer and foundation at two positions of the connection plate show a downward trend in the first three modes. erefore, the thickest constraining layer is selected.
In summary, the final thickness of the constraining layers is shown in Table 5 and is unified in the diagonal fixing mode 2 to participate in the thermal-vibration joint test.
As can be seen from Figures 11-14 , the above selected result makes the displacement deviation between constraining layer and foundation at each position in the first three-order mode produce micron-scale changes. erefore, the insertion damping structure at all positions will dissipate the vibration energy [30] .
Modal Verification
In this section, the modal simulation results will be validated by experimental modal analysis. Young's modulus of 45 steel will change under different temperatures. However, the difference between the modal analysis results at high temperature and those at room temperature is small. us, the modal validation of the steel foundation is carried out only at room temperature.
As shown in Figure 15 , the steel foundation is placed on the rough ground. Because the external exciting force is much smaller than the friction force between the foundation and the ground, the boundary condition of the foundation can be regarded as the clamped boundary condition. e vibration exciter is suspended by elastic ropes. e vibration exciter sends sine sweep force (10-500 Hz, 80 N) to continuously excite the foundation. e response of the foundation is detected by four acceleration sensors to obtain the natural frequencies of the foundation. e excitation and response signals are recorded and processed by the use of the signal source and data acquisition submodule in real time. In general, it is enough to get the natural frequencies of the foundation by one acceleration sensor. However, to ensure the accuracy of the natural frequencies collected, four measure points are arranged. e test results and simulation results are shown in Table 6 , and the deviation is calculated. It can be seen from Table 6 that the difference of the first ten-order frequencies between the simulation results and the experimental results is small and the errors are less than 10% (except the third and fourth orders). e reason for the errors is that the actual boundary conditions and the fixed support of the steel foundation are slightly different, and the vibration modes of the 3rd and 4th orders are horizontal torsion. In addition, the omitted holes and actual chamfering in simulation will also bring fractional error. e comparison results imply that the modal analysis method is correct.
Thermal-Vibration Joint Test and
Result Analysis 5.1. ermal-Vibration Joint Test System. In order to complete the experiment at a high temperature, a thermal-vibration joint test system is developed by our team [33] . e structural block diagram of the system is shown in Figure 16 . is system consists of two parts. One part is the thermal environment simulation test system to create a high-temperature environment. In this part, the temperature of the foundation is controlled by a self-developed temperature control system based on LabVIEW ® . e other is the vibration excitation and acquisition system. It is used to achieve excitation of the foundation at high temperature and the collection of corresponding test signals.
A temperature rise test was performed to evaluate the effect of temperature control. e target temperature was set as 100°C, 200°C, and 300°C, respectively. e temperature was kept for one hour at the target temperature to ensure that the foundation can be uniformly heated. Figure 17 shows the preset and control temperature on the foundation. It is noted that the temperature error is within ±5°C.
e thermal-vibration joint test system for the foundation is shown in Figure 18 . e foundation is fixed on a rigid platform and is heated by the quartz lamp infrared heating arrays which are installed on the left and right sides of the foundation. ree aluminium silicate insulation boards are placed in the front/back/top of the foundation to provide heat insulation during heating. e electromagnetic I  II  I  II  I  II  I  II  Upper constraining layer  2  2  7  2  2  2  2  2  Lower constraining layer  2  2  7  2  2  2 exciter is suspended above the foundation by elastic ropes and is connected with the foundation by a ceramic connected pole. Different from the above modal test, four measuring points need to be arranged on the foundation to collect multidirectional signals, as shown in Figure 19 . In order to save cost and avoid signal compensation, four common acceleration sensors are used. ese sensors are installed outside the temperature field by four ceramic rods fixed at the measuring points. e upper limit of the operating temperature of the sensor is 150°C. In the actual experiment, the temperature of the upper end of the ceramic rod is about 70°C. erefore, these sensors work within the permissible temperature.
Test Results and Analysis of EMWM Composite
Foundation. e electromagnetic exciter sends sinusoidal sweep force to continuously excite the foundation. e parameters of the excitation signal are given in Table 7 . e response of the foundation is detected by the use of four accelerometers. e excitation and response signals are recorded and processed using the signal source and data acquisition Figure 19 . e sweep rate is 1 oct/min. e ambient temperatures are 20°C and 300°C. According to equation (4), the average acceleration admittance Z (the acceleration reference value is 10 − 6 m/s 2 ) of foundation is obtained. Insertion loss IL is calculated to evaluate the effect of insertion damping structure on the vibration reduction performance of the foundation. 
where a i is the acceleration value of the measuring point i, F is the input force of the excitation point, Z c is the average acceleration admittance of the composite foundation, and Z 0 is the average acceleration admittance of the steel foundation. e thermal-vibration joint test results of rigid foundation and composite foundation under room temperature and high temperature are shown in Figure 20 . Under room temperature, the peak value of IL at the first six modes is about 3.07 dB. e peak value of IL at the excitation point B is 0.7 dB larger than that at the excitation point A.
Under high temperature, Z c and Z 0 have a rise of 5-10 dB. e reason is that both foundations are thermally deformed, which is caused by the decrease of Young's modulus under high temperature.
e average value of IL of the first six orders of the composite foundation is 4.11 dB. However, compared with the excitation point A, IL at excitation point B only changes 0.1 dB and the change is small. It means that, the influence of excitation points on the IL can be neglected in the first six modes. As is shown in Figure 20 , the composite foundation has good vibration damping performance in the mid-highfrequency range (500-1000 Hz), and the acceleration admittance drops by 7-15 dB regardless of temperature.
Conclusion
In this paper, the power flow was used as the evaluation index, and the energy transfer path of the foundation under single-point excitation was obtained. To reduce the vibration of the foundation, an EMWM composite foundation was designed. e reliability of the simulation and the damping performance of the composite foundation were validated by the modal validation and the thermal-vibration joint tests. e main conclusions, which can be drawn from the conducted simulations and tests, are as follows:
(1) e thickness of the horizontal constraining layer, such as the face plate and the connection plate, is negatively correlated with the displacement deviation between constraining layer and foundation. However, the relationship between the thickness of the constraining layer and the displacement deviation between constraining layer and foundation at the vertical plates, such as the brackets and the web plate, are complicated, and the change trend is changed according to the local stiffness and the various modes. (2) When the ambient temperature is 20°C or 300°C, the composite foundation can effectively suppress the vibration in the analysis frequency band. e maximum vibration attenuation value can reach 15.37 dB. e attenuation value of the low-frequency band is slightly improved at a higher temperature than at room temperature. In addition, the insertion loss at room temperature changes slightly with the change of the excitation point, and the insertion loss does not change at high temperatures.
(3) e insertion damping structure with the entangled metallic wire material is presented. e damping performance of this structure is stable and effective at different temperatures.
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